The effect of dihydroergocristine on energy metabolism was studied in the isolated perfused rat brain affected by ischemia and in cultivated C-1300 neuroblas toma cells deprived of oxygen and glucose. Creatine phosphate, ATP, ADP, AMP, glucose, glucose-6-phos phate, fructose-6-phosphate, fructose-l ,6-diphosphate, pyruvate, and lactate were measured enzymatically. After a perfusion period of 30 min, the cortex of the iso lated perfused rat brain exhibited an energy state not dif ferent from that in vivo. Dihydroergocristine added to the perfusion medium (5 f,LmoIlL) did not influence these sub strate levels under normal perfusion conditions. How ever, this drug was able to retard the breakdown of high energy phosphates during ischemia and to accelerate the restoration of the energy state during the postischemic ATP is the predominant intracellular free energy source of the brain. It is used for biosynthesis and ion transport, and, in addition, it is the principal source of cyclic AMP. Thus, proper levels of ATP are essential to normal brain function. This is the reason why several studies of the ergot alkaloids have focused on the extent to which these agents can delay the metabolic consequences of hypoxia and ischemia (Loew et al. , 1978; Meier-Ruge et al. , 1978; Benzi et al. , 1982) . Some evidence has been obtained showing that the dehydrogenated alkaloids improve brain energy metabolism and function under those circumstances. However, it was not clear whether dehydrogenated ergot alkaloids were
reperfusion period. The perfusion rate was not changed by the drug, and therefore it was assumed that dihydroer gocristine could act directly on cell metabolism. This view was supported by the results obtained from exper iments using cultivated N-2a neuroblastoma cells. These cells were incubated in a buffered salt solution deprived of glucose and oxygen for 15 min. Under these condi tions, dihydroergocristine (2 f,LmoIlL) added to the incu bation medium caused changes in the concentrations of the high-energy phosphates similar to those in the isolated brain preparation: It increased the ATP concentration and decreased the ADP concentration significantly. Key Words: Complete ischemia-Dihydroergocristine-En ergy metabolism-Isolated perfused rat brain-Neuro blastoma cells-Recirculation.
actually capable of protecting brain energy metab olism against hypoxic or ischemic damage. There fore, we tried to reevaluate this problem using the isolated perfused rat brain to achieve clear-cut ex perimental conditions. In addition, some experi ments were carried out with cultivated neuroblas toma cells to rule out direct cellular effects. To use a clearly defined agent, we preferred dihydroergo cristine to dihydroergotoxine, the latter being a mixture of four alkaloids, although it has been used in previous studies (Emmenegger and Meier-Ruge, 1968; Loew et aI., 1978) .
MATERIALS AND METHODS

Materials
Enzymes, coenzymes, and substrates were obtained from Boehringer (Mannheim). The liquid fluorocarbon FC 43 (perfluoro tributylamine) was from 3M Corporation (Neuss) and Pluronic F 68 from BASF Wyandotte (Erbs16h, Dusseldorf). Dihydroergocristine mesylate was a gift from W. Spitzner Arzneimittelfabrik (Ettlingen, ER. G.). All other chemicals were reagent-grade.
Male Sprague-Dawley rats (lvanovas, Allgau), weighing 180-250 g, were used. They were kept on a standard diet (Altromin) and tap water until starting the experiment. C-1300 neuroblastoma cells (clone N-2a) were obtained from the American Type Culture Collec tion via Flow Laboratories Ltd. (Irvine, Scotland), and the media used were from Seromed (Munchen, ER. G. ).
Perfusion technique
The preparation of the isolated rat brain was performed according to Andjus et al. (1967) . The perfusion technique has been described in detail (Krieglstein et aI. , 1972a, b; Dirks et aI. , 1980) . Rats were anesthetized by the intra peritoneal injection of 1.2 g/kg urethane. Closed-circuit perfusion was performed with lOO ml of perfusion me dium gassed throughout the experiment with carbogen (5% CO2 + 95% 02)' The perfusion medium was recir culated for � 30 min in the apparatus for equilibration while the isolated brain was prepared. Arterial pressure was maintained between lOO and 110 mm Hg, as moni tored continuously with a pressure transducer (Statham P 23 Db). The perfusion rate was measured by means of a burette. Bipolar EEGs (EEG preamplifier; Hellige EE) were recorded from each hemisphere, with two elec trodes placed in the small depressions bilaterally in the bone of the parietal areas. The perfusion experiments were continued only if the brains showed at most only a small decline in spontaneous electrical activity, and if the perfusion rate was >2 mlimin throughout the preperfu sion period of 30 min. The perfusion medium contained 20% (vol/vol) FC 43 as an oxygen carrier, 4. 8% (wt/vol) of the nonionic surfactant Pluronic F 68, and 7 mmoliL glucose in Krebs-Henseleit solution (Dirks et aI. , 1980) . To achieve complete ischemia, the perfusion apparatus was switched off after the pre perfusion period of 30 min. After lO min of ischemia, perfusion of the isolated brain was continued for various time periods (reperfusion) in some experimental series. The isolated brain preparations were immersed in liquid nitrogen at the end of each per fusion experiment and were stored at -80°C. Cortical tissue was removed from the frozen brain at -20°C, weighed, and extracted with HCI-methanol and 0. 3 moli L perchloric acid, according to Folbergrova et al. (1974) .
EEG evaluation
The EEG was examined visually and in some experi ments quantitatively by an automatic EEG interval spec trum analysis (Tonnies, 1969) . The frequency spectrum was subdivided into four frequency bands: 13 (13-30 cy cles/s), a (8-12 cycles/s), e (4-7 cycles/s), and /) (1-3 cycles/s).
Cell culture
C-1300 neuroblastoma cells (clone N-2a) were culti vated as described by Kolbe et al. (1977) for 10-11 days in plastic flasks (75 cm 2 ) under an atmosphere of 95% air and 5% CO2 at 37°C. After this period, when the cells were grown to confluency, they were washed three times with Earles buffered salt solution (BSS) and were then cultivated for a further 24 h in BSS containing 15 mmoli L N-2-hydroxyethylpiperazine-N' -2' -ethane sulfonic acid and 5.5 mmol/L glucose. After this last cultivating period, the cells were washed three times with BSS without glucose, gassed with 95% N2 and 5% CO2, and then incubated with the same solution for 15 min. Con-trois were washed and incubated with BSS that contained 5. 5 mmoliL glucose and was equilibrated with 95% O2 and 5% CO2, Dihydroergocristine (2 ILmoliL) or saline was added to the incubation medium. Incubation was terminated by discarding the incubation medium and washing the cell monolayer three times with ice-cold Dulbecco's phos phate-buffered salt solution. The substrates to be mea sured were extracted with 0. 6 moliL perchloric acid con taining 1 mmoliL ethylenediaminetetraacetate. The cell suspension was homogenized with a Potter-Elvehjem ho mogenizer (Braun; Melsungen, ER. G.) and centrifuged, and then the supernatant was neutralized.
Determination of substrates
The following substrates were measured enzymatically according to procedures given by Bergmeyer (1970) : cre atine phosphate, ATP, ADP, AMP, glucose, pyruvate, and lactate. Glucose-6-phosphate, fructose-6-phosphate, and fructose-I ,6-diphosphate were analyzed enzymatically by fluorometric methods reported by Lowry and Passonneau (1972) . The energy charge of the adenylate pool (EC) was calculated according to Atkinson (1968) .
Statistical analysis
The results were evaluated statistically using Student's t test and regression analysis (Clauss and Ebner, 1972) .
RESULTS
Dihydroergocristine was added to the perfusion medium of the isolated rat brain in a concentration of 5 ,... ., mollL and was supplied to the brain from the beginning of the perfusion experiment. The drug did not influence markedly the EEG of the isolated per fused rat brain ( Fig. 1 ). There was a tendency to a higher percentage of the fast waves (13-and a-fre quencies) in the EEG of the drug-treated brains, as expressed in the correlation presented in Fig. 3 . During ischemia, the EEG disappeared within 20-30 s, and after an ischemic period of lO min, reap peared within 20-30 min. The disappearance and reappearance of the EEG did not seem to be influ enced by dihydroergocristine. The EEG pattern re corded after 40 min of reperfusion was again com parable with the control EEG obtained after 30 min of preperfusion ( Fig. 1) .
As shown in Ta ble 1, the energy state in the cortex of the isolated perfused rat brain was in good condition after the preperfusion period of 30 min. After lO min of ischemia, the energy reserves in the cortical tissue were widely exhausted. The exten sive changes in energy substrate levels disappeared within lO min of reperfusion. However, it took �40 min of reperfusion to achieve the energy state mea sured under the control conditions of the pre per fusion period.
Dihydroergocristine obviously did not influence brain energy metabolism under control conditions. However, the rapid breakdown of high-energy ATP levels were considerably reduced, and corre spondingly ADP and AMP levels were enhanced in the isolated rat brain preparation (Fig. 2) . These changes were significantly inhibited by dihydroer gocristine. Creatine phosphate and ATP levels were less reduced and ADP and AMP levels were less elevated when the brains were treated with dihy droergocristine. The decrease in EC also was more pronounced in the untreated than in the drug treated brains (Fig. 2) . In another series of experiments shown in Fig. 3 , the ATP concentrations after 2 min of ischemia were not as clearly different in treated and un treated brains as shown in Fig. 2 . However, for the untreated brains, there was a correlation between the ATP levels measured after 2 min of ischemia and the EEG activity characterized by the per centage of 13-and a-waves recorded just before the ischemic period. This correlation could not be dem onstrated in brains perfused with dihydroergocris tine. Untreated brains with a lower percentage of fast waves in the EEG seemed to be more impaired by ischemia. Dihydroergocristine inhibited the breakdown of ATP also under these conditions, so that the aforementioned correlation of ATP levels and EEG activity could not be demonstrated in the drug-treated brains (Fig. 3) .
phosphates in ischemia was retarded, and their res toration was accelerated in the early phase of re perfusion of the isolated brain (Figs. 2-4 ). We were unable to demonstrate any influence of dihydroer gocristine on the global perfusion rate of the iso lated rat brain.
After 2 min of ischemia, creatine phosphate and The changes in the EC value under the experi mental conditions employed are shown in Fig. 4 . After the preperfusion period, an EC higher than 0. 9 was measurable in the isolated rat brain, indi cating an unaffected energy state. The EC fell rap idly during the ischemic period, and was about one tenth of the control level after 10 min of ischemia. It again moved back rapidly to the control range when reperfusion of the brain was started. The iso lated brains perfused with dihydroergocristine showed a slower decline of EC during ischemia and a faster rise of this ratio in the reperfusion period.
Comparable with those in brain tissue, the ef fects of dihydroergocristine on high-energy phos phates were shown in neuroblastoma cells. To ob- .
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FIG. 3. The influence of dihydroergocristine on the relation
ship of ATP level and EEG activity. ATP was measured in the isolated perfused rat brain after 3D min of perfusion and 2 min of complete ischemia. EEG activity was characterizej by the percentage of (Y-+ f3-waves analyzed after the perfusion period of 3D min just before ischemia was started. Each point represents a single experiment. Calculated regression lines are given. (EC) of the isolated perfused rat brain during ischemia and reperfusion. In the brains treated with dihydroergocristine, the EC dropped more slowly during the ischemic period and increased more rapidly during the reperfusion period com pared with that in untreated brains. EC values were calcu lated from the means of the adenylate substrate levels.
tain significant changes of the energy state of the cells, glucose and oxygen were not added to the incubation medium. Under these conditions, the fall of the AT P level was inhibited and the increases in ADP and AMP levels were less pronounced when dihydroergocristine was added to the incubation medium ( Fig. 5 ).
DISCUSSION
Our results suggest that the isolated perfused rat brain is a suitable model for studying drug effects EC, energy charge of the adenylate pool. on brain energy metabolism and function. The en ergy state and the EEG of the isolated rat brain are quite similar to those in vivo. The special advantage of this preparation is that the parameters measured cannot be influenced by secondary peripheral ac tions such as those of the cardiovascular, respira tory, or autonomic nervous systems. Thus, clear cut experimental conditions are achieved, and the effects obtained can be interpreted more reliably as being directly caused within the eNS (Krieglstein and Stock, 1974) . The results presented in this article provide some evidence that dihydroergocristine protects brain en ergy metabolism against ischemia: The breakdown of ATP was retarded in ischemia, and its restoration was accelerated when the isolated brain was reper fused after an ischemic period. These results are comparable with those reported on nicergoline by Moretti (1979) . This drug was injected into the ca rotid artery of the cat, and the restoration of the energy state was accelerated in the recovery period after 3 min of ischemia.
The EEG of the isolated rat brain presented in this study was not markedly influenced by dihy droergocristine. An increase of the fast waves of the EEG was measurable in a series of experiments, which effect is in agreement with that described by Agnoli et al. (1981) . The disappearance of the EEG during ischemia did not seem to be retarded by di hydroergocristine, although the ATP level was sig nificantly preserved. However, the time period of EEG decline up to isoelectricity was not measur able exactly, so that a reliable correlation between the decrease of the EEG activity and the fall of the ATP level could not be established in this study.
The effect of dihydroergocristine on brain energy metabolism seems to be well documented. How ever, it is not possible at present to explain the mechanism of this action. Since the global perfusion rate of the isolated rat brain was not changed by dihydroergocristine, and effects of the drug on the rheology of the perfusion medium used are ex cluded, these parameters cannot be involved in its protective effect against ischemia. Dihydroergocris tine should act directly on cell metabolism. This assumption is supported by the results obtained from the experiments using neuroblastoma cells (Fig. 5) . Possibly, the former hypothesis is true, that dihydrogenated ergot alkaloids may inhibit phos phodiesterase as well as Na + ,K + -ATPase activities (Loew et al., 1978) , reducing thereby the consump tion of ATP for cyclic AMP synthesis.
Another hypothesis proposed by Nowicki et al. (1982) suggests that "antiischemic" compounds are capable of increasing respiratory control. This ef-J Cereb Blood Flow Metabol, Vol. 4, No.4, 1984 fect could also augment the ATP concentration under ischemic or postischemic conditions.
In conclusion, it seems to be evident that the breakdown of high-energy phosphates during isch emia is inhibited and that their restoration after the ischemic period is accelerated by dihydroergocris tine. However, the mechanism of this effect as well as its significance for therapy remain to be shown.
